Abstract. In the last decade, the identification and characterization of novel molecular mechanisms and pathways involving the heat shock protein TRAP1/HSP75 in cancers and other diseases enhanced the scientific interest. Recent reports have shown that TRAP1 stays at the crossroad of multiple crucial processes in the onset of neoplastic transformation. In fact, TRAP1: i) contributes to the tumor's switch to aerobic glycolysis through the inhibition of succinate dehydrogenase, the complex II of the mitochondrial respiratory chain; ii) is part of a pro-survival signaling pathway aimed at evading the toxic effects of oxidants and anticancer drugs and protects mitochondria against damaging stimuli via a decrease of ROS generation; iii) controls protein homeostasis through a direct involvement in the regulation of protein synthesis and protein co-translational degradation. Therefore, TRAP1 seems to be a central regulatory protein with balancing functions at the intersection of different metabolic processes during the neoplastic transformation. For this reason, it can be considered at the same time an attractive target for the development of novel anticancer strategies and a promising study model to understand the biology of tumor cells at a systemic level. This review summarizes the most recent advances in TRAP1 biology and proposes a new comprehensive view of its functions.
TRAP1 milestones
Although twenty years have passed since TRAP1/HSP75 was firstly identified, only during recent years some light has been shed on its molecular functions. The cloning of tumor necrosis factor receptor-associated protein 1 (TRAP1) as a type I tumor necrosis factor receptor-associated protein, and the identification of HSP75 as a retinoblastoma protein (Rb)-binding protein, were independently performed by two different groups, and it was immediately clear that they had identified the same protein (1, 2) . TRAP1 belongs to the HSP90 chaperone family (3), sharing 26% identity and 45% similarity with cytosolic HSP90 (4) . Bioinformatic analysis and microscopic observations suggest that TRAP1 is mostly localized to mitochondria and is targeted to the organelle by its N-terminal presequence (5) . Interestingly, the ATPase activity of TRAP1 is inhibited by both geldanamycin and radicicol, which have been shown to block specifically HSP90 function; however,
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in vitro experiments showed that TRAP1 does not bind and fold HSP90 client proteins, suggesting distinct functional properties. Quantitative immunogold electron microscopy and biochemical analysis confirmed the mitochondrial distribution of TRAP1 in rat tissues, but additionally revealed a number of non-mitochondrial locations, including nuclei (6) . Following its identification, TRAP1 attracted increasing interest for its homology to HSP90, which has long been pursued for novel cancer therapeutics, coupled with a distinct subcellular localization. Consequently, the majority of the studies focused on expression of this protein in tumors: immunohistochemical staining revealed that TRAP1 is strongly expressed in tumor cells of adenocarcinomas of pancreas, breast, colon, and lung. Conversely, normal matched epithelia contain very low levels of TRAP1 (7) . We strongly contributed to these studies, demonstrating that TRAP1 expression is upregulated in approximately 60% of human colorectal cancers and correlates with a multi-drug resistant phenotype in colon carcinoma cells (8) .
Our group was among the first to demonstrate TRAP1 involvement in stress-adaptive response of cancer cells: high levels of both TRAP1 mRNA and protein were found in Saos-2 osteosarcoma cells chronically adapted to mild oxidative conditions (9) . Even more interestingly, we identified TRAP1 as a key target in the previously hypothesized correlations between resistance to antitumor agents and adaptation to oxidative stress (OS), since very high levels of this protein were analogously found in tumor cells resistant to 5-fluorouracil and to platin derivatives. However, the most striking data came from the observation that TRAP1 interference, as well as the use of dominant negative mutants of TRAP1, sensitized OS/ chemoresistant cells to cell death inducers, thus supporting the hypothesis of common mechanisms shared by chemoresistance and adaptation to OS and providing the first evidence that TRAP1 is an important player in the development and the maintenance of these phenotypes. Indeed, TRAP1 hyperexpressing cells show a decreased cleavage of the apoptotic markers Caspase 3 and PARP, and increased levels of the scavenging tripeptide GSH. Hence, TRAP1 may be considered a reliable tool to investigate the correlations between oxidative stress, resistance to apoptosis and chemoresistance (8, 9) .
A role of TRAP1 in the protection from apoptosis and its consequent involvement in the onset and maintenance of tumor phenotypes was firstly and elegantly described by Kang et al (7) . These authors discovered that only tumor cells organize a mitochondrial chaperone network, which involves HSP90, its homolog TRAP1 and the immunophilin cyclophilin D (CypD) in a physical complex that regulates permeability transition pore (PTP) opening, maintaining mitochondrial homeostasis and antagonizing the function of CypD in permeability transition. Considering the high 'druggability' of HSP90 ATPase pocket, Kang and colleagues developed a mitochondriadirected variant of 17-AAG carrying the Antennapedia peptide (called Shepherdin) that efficiently accumulates inside the mitochondria, binds mitochondrial TRAP1 and HSP90, and inhibits their chaperone activity via an ATP competition mechanism, thus resulting in CypD-mediated cell death. These observations labelled TRAP1 as an essential controller of mitochondrial homeostasis in tumor cells, conferring them resistance to apoptosis and a survival advantage over the normal counterpart (7) . The cytoprotective effect of TRAP1 was further investigated by our group through the identification and functional characterization of TRAP1 interaction with the novel mitochondrial isoform of Sorcin, this providing the first demonstration of a new antiapoptotic complex (10) .
TRAP1 role in cell death protection, beyond the direct control of PTP opening in concert with HSP90 and CypD even further characterized by other studies (11, 12) , may involve some other more general homeostatic mechanisms, linking the control of proteostasis inside mitochondria to the activation of extramitochondrial survival pathways. In this context, we have shown that TRAP1 function could be relevant in crosstalk between mitochondria and other subcellular compartments (3) . Accordingly, the HSP90 mitochondrial network contributes to the folding of mitochondrial proteins; however, when this process is dysregulated, a series of cytoprotective/adaptive cellular responses occurs, including activation of autophagy, inter-organelle stress response and induction of gene expression modifications, that lead to the impairment of tumor cell bioenergetics (13) . These processes may further increase the apoptotic threshold in tumor cells undergoing mitochondriotoxic stress, ending up with better survival. This adaptive model is highly suitable to enhance the protein buffering capacity of transformed cells, which are especially at risk of proteotoxic stress for their high biosynthetic requirements.
TRAP1 in cancers
In previous years, substantial data from several groups confirmed the involvement of TRAP1 in tumor biology. A general overview supports the role of TRAP1 in a wide range of cancer types: Zhang et al (14) analyzed the effect of polyphenols of green tea extract (GTE), which exhibit multiple antitumor activities in various cancers, on pancreatic ductal adenocarcinoma and found that GTE inhibited molecular chaperones HSP90, TRAP1 and HSP27 concomitantly in HPAF-II cells. In colorectal carcinomas (CRC) Gao et al (15) found that the increase in TRAP1 expression level was significantly correlated to increased lymph node metastases, advanced tumor stage and reduced overall survival. This suggests that TRAP1 plays an important role in the progression of CRC from a localized to a locoregional metastatic disease and makes TRAP1 a candidate biomarker, predictive for the poor outcome of CRC patients. Consistently, Han et al (16) found that, in patients with metastatic CRC who received first-line oxaliplatin/5-fluorouracil therapy, lower TRAP1 levels correlated with increased overall survival. Furthermore, involvement of TRAP1 in neuroblastoma was recently suggested by Zhan et al (17) . Interestingly, TRAP1 was found to be upregulated in hepatocellular carcinoma (HCC) (18) , thus the chaperone could have the potential to act as diagnostic HCC biomarker candidate. Analogously, Im and Seo (19) showed that TRAP1 is highly expressed and the mitochondrial mass is decreased in lung carcinoma cell line A549 compared with a normal lung fibroblast. TRAP1 knockdown also reduces cell growth and clonogenic cell survival in non-small cell lung cancer (NSCLC) cells, impairing ATP production and mitochondrial membrane potential. Accordingly, immunohistochemical analysis, performed to evaluate the prognostic potential of TRAP1 expression in NSCLCs, revealed that high TRAP1 expression was associated with increased risk of disease recurrence (20) .
Altogether, these data further support the involvement of TRAP1 in biogenesis and progression of several kinds of tumors. Most cancers exhibit an antiapoptotic threshold higher than controls, which contributes to disease progression. Hyperexpression of TRAP1 could contribute to this phenotype, thus assigning to this chaperone a leading role in malignancies and an increasing value as a biomarker. The significance of TRAP1 hyperexpression in tumor cells is provided by the evidence that the mitochondrial pool of HSP90s has evolved to face stress conditions and to maintain mitochondrial proteostasis and energetic balance almost exclusively in tumor cells, thus providing a survival advantage. This issue has been recently addressed by Chae et al (21) : a proteomic analysis, comparing cells treated with the mitochondrial inhibitor of HSP90s (Gamitrinib) with control cells, showed a modulation in the expression levels of proteins involved in essential mitochondrial processes, such as ribosomal proteins, components of mitochondrial translation apparatus, regulators of purine biosynthesis and the methyl cycle, effectors of oxidative phosphorylation, thus leading to global defects in tumor cell metabolism. Gamitrinib-treated cells, as far as TRAP1 KD cells, exhibited aberrant accumulation of citric acid cycle metabolites, such as succinate, fumarate and malate, and loss of ATP production. A deeper analysis showed that TRAP1 binds the electron transport chain complex II subunit succinate dehydrogenase-B (SDHB), whose solubility is highly decreased in tumor cells upon treatment with Gamitrinib. Accordingly, it was shown that mitochondrial chaperones' function is crucial in maintaining cellular respiration under low-nutrient conditions, protecting complex II in conditions of oxidative stress, and contributing to hypoxia-inducible factor-1α (HIF-1α)-mediated tumorigenesis in patients carrying SDHB mutations. This pathway may be ideally suited to buffer the risk of proteotoxic stress in transformed cells with high biosynthetic need, preserve organelle integrity against CypD-dependent apoptosis and maintain multiple sources of energy production, especially under stress conditions, such as hypoxia and nutrient deprivation. Thus, HSP90-directed proteostasis in mitochondria regulates tumor cell metabolism, and is gaining increasing importance as a mechanistic explanation for cancer homeostatic regulation, potentially contributing to disease maintenance.
TRAP1 as an oncogene?
Other outstanding breakthroughs in TRAP1 biology come from evidence by Sciacovelli et al (22) : this elegant recent study provides the first demonstration that TRAP1 may behave as an oncogene able to promote neoplastic transformation in different cell systems. The most striking data demonstrated that TRAP1 knock-down (KD) by RNA interference abrogates the transforming potential of different cancer cell lines in in vitro focus forming and soft agar assays, as well as after cell injection in nude mice. Conversely, overexpression of TRAP1 in non-transformed fibroblasts led to cell transformation in analogous assays. Interestingly, overexpression of a TRAP1 deletion mutant, unable to localize into mitochondria, was ineffective, thus suggesting that TRAP1 transforming potential is due to its mitochondrial localization/function. Remarkably, these authors demonstrated that TRAP1 controls mitochondrial metabolism, contributing to the Warburg phenotype. Accordingly, data showed that TRAP1 directly binds complex II and IV of the electron transport chain and inhibits succinate dehydrogenase (SDH) activity in Saos-2 osteosarcoma cells, without affecting the cytochrome oxidase enzymatic activity of complex IV, complex II protein levels or mitochondrial mass. The use of the TRAP1 inhibitor 17AAG in isolated mitochondria restored SDH activity, independently of HSP90. These results were supported by evidence that TRAP1 expression and SDH activity are inversely correlated in colon cancer specimens previously characterized for higher levels of TRAP1 expression compared to surrounding healthy mucosa (8) . Strikingly, TRAP1 downregulation markedly increased mitochondrial-dependent respiration in Saos-2 cells in oxygen consumption rate (OCR) experiments, whereas a high proportion of the intracellular ATP content in control cells is provided by glycolysis. Symmetrically, TRAP1 expression in non-transformed fibroblast reduced mitochondrial respiration, thus mimicking the respiratory pattern of cancer cells. It is known that succinate contributes to HIF1α stability through inhibition of prolyl-hydroxylases (PHDs), whose activity leads to HIF1α ubiquitin-dependent degradation; therefore, these authors analyzed HIF1α expression levels during the focus forming assay and found that only TRAP1-expressing cells accumulated succinate during the assay, and consequently that HIF1α was exclusively detectable in this cell population. Consistently, HIF1α was clearly detected in the majority of cells from tumor samples obtained from nude mice xenografted with TRAP1-expressing Saos-2 cells, whereas HIF1α downregulation fully abolished the formation of foci in TRAP1-expressing tumor cells and in MEFs transfected with a TRAP1 cDNA. Taken together, the authors propose that TRAP1 induces neoplastic growth through a succinatedependent stabilization of HIF1α. This novel and fascinating hypothesis is schematically summarized in Fig. 1. 
TRAP1 as a tumor suppressor?
Consistently with the observation by Sciacovelli et al (22) , Yoshida et al (23) showed that TRAP1 downregulates mitochondrial respiration and ATP production. TRAP1 KO mouse adult fibroblasts (MAFs) displayed a higher basal OCR and a significantly higher maximum respiratory capacity than wildtype (WT) cells, accompanied by decreased glycolysis. This effect was TRAP1-dependent, since re-introduction of TRAP1 in MAFs was sufficient to restore basal OCR levels, confirming a preference for oxidative phosphorylation over aerobic glycolysis in TRAP1 KO cells. In agreement, TRAP1 KO cells showed reduced levels of glycolytic metabolites, increased levels of TCA cycle intermediates and anaplerotic substrates, and increased fatty acid oxidation and NAD + /NADH ratio, confirming a metabolic flux through the TCA cycle independent of glucose metabolism. Increased complex IV enzymatic activity was found in TRAP1 KO cells as well as steady-state ATP levels that was significantly higher than in WT cells. These results were confirmed in HeLa and HCT116 human cancer cell lines. In agreement with previous reports, TRAP1-dependent inhibition of mitochondrial respiration resulted in reduced ROS levels in both MAFs and HCT116, which proves that TRAP1 KO cells are constitutively exposed to elevated oxidative stress. Since elevated ROS favor cell invasion, the authors showed that indeed TRAP1 KO or transient suppression dramatically enhance cell invasiveness, both in mouse fibroblasts and in a variety of human cell lines. Importantly, this phenotype is sensitive to c-Src inhibition and ROS scavenging, supporting a direct link between TRAP1 deficiency, elevated ROS, and c-Src activation in mediating this process. These authors postulated that the impact of TRAP1 on mitochondrial respiration is mediated, at least in part, by its direct regulation of mitochondrial c-Src. In fact, a reciprocal regulation of the two proteins was observed, which led to increased Tyr-416 phosphorylation of mitochondrial c-Src upon TRAP1 suppression, paired with a preferential interaction of TRAP1 with the inactive form of c-Src. . TRAP1 is involved in protein homeostasis. TRAP1 regulates protein expression by coupling synthesis and ubiquitin-dependent degradation, through a direct binding to both ribosomes and the proteasomal particle TBP7, at ER-mitochondria interface. ER, endoplasmic reticulum; M, mitochondrion; C, cytosol.
The impact of reduced TRAP1 expression on in vitro cell invasion led Yoshida and colleagues to hypothesize, contrary to other previously presented findings, that certain more aggressive, metastatic, or late-stage cancer types may express lower TRAP1 levels than less advanced tumors. In particular, they confirmed an inverse correlation between TRAP1 expression and tumor stage in cervical, bladder, and clear cell renal cell carcinoma. Intriguingly, cervical carcinoma is among those cancers whose predominant energy metabolism is obtained via oxidative phosphorylation, not glycolysis. Therefore, the authors suggested a re-evaluation of the assumption that TRAP1 is uniformly pro-oncogenic, and to consider that TRAP1 inhibition alone is unlikely to be a viable treatment strategy for cancers that use oxidative phosphorylation.
The intriguing hypothesis that, in some settings and depending on the cell type context, TRAP1 may act as a tumor suppressor is partially supported by a study on 208 patients affected by ovarian cancer. Immunohistochemical analyses showed that high TRAP1 expression correlated significantly with favorable chemotherapy-response and showed a significantly positive impact on overall survival (24) . The authors also found that high TRAP1 expression correlated significantly with estrogen receptor α levels. Consistently, the expression of TRAP1 was previously shown as significantly increased in letrozole-responsive cancers compared to letrozole-insensitive (25) . Considering that TRAP1 has been reported as an estrogen-regulated gene (26) , it will be interesting, in future studies, to analyze the relationship between TRAP1 and tumor outcome in gynaecological malignancies.
TRAP1 outside the mitochondria: quality control of mitochondrial proteins
Although original reports already suggested evidence of extramitochondrial localizations of TRAP1, for a long time this has been substantially ignored by the scientific community and TRAP1 has been only considered 'the mitochondrial HSP90', whose role was restricted to the maintenance of organelle homeostasis through the regulation of the mitochondrial transition pore (MTP) as a scavenger of mitochondrial ROS. However, our group started few years ago to 'look' outside the mitochondria: taking advantage of proteomic profiles, mass spectra data, as well as biochemical and microscopic observations, we provided the first demonstration of an extramitochondrial localization of TRAP1 linked to a specific function. This novel and interesting field to explore allowed us to identify a novel interaction of TRAP1 with the proteasomal particle TBP7 on the outer side of the endoplasmic reticulum (ER), whose function controls the fate of two mitochondrial proteins, Sorcin isoform B and F1ATPase β subunit, through the regulation of their ubiquitination (27) . However, even though the structural characterization of TRAP1/TBP7 interaction and their functional role in the quality control of mitochondria destined proteins was deeply explored in our studies, a question remained unanswered: how can TRAP1 take care of mitochondrial proteins even before they reach their destination? Excluding the hypothesis of a folding control, which is known to occur inside mitochondria, and after the demonstration that TRAP1 does not influence the half-life of substrates (28), we hypothesized a role in the quality control at early steps of protein synthesis. It is now accepted that up to 30% of neo-synthesized proteins undergo ubiquitination to be cotranslationally degraded if they are damaged (29) . Very recent reports support this hypothesis: many groups demonstrated the presence of chaperone complexes and ubiquitination machinery that regulate the first steps of protein synthesis, to ensure that damaged polypeptides are immediately degraded before the complete folding, in many cases while they are still bound to ribosomes (30) . These observations open a new scenario in which ribosomeassociated chaperones act as key regulators of cellular proteostasis through direct or indirect modulation of protein synthesis, folding, assembly and transport. Consistently, we found TRAP1 associated to actively translating polysomes and to three translation factors, namely eIF4A, eEF1A, eEF1G (28) in HCT116 CRC cells. This suggests novel roles for TRAP1 in translational processes, which explains the mechanism of quality control on its mitochondrial substrates. At early stages of protein synthesis, TRAP1 substrates are rapidly accumulated but more rapidly degraded in TRAP1 KO cells, indicating that this chaperone regulates the fate of its target proteins through a cotranslational mechanism, controlling the balance between synthesis and degradation. TRAP1 control involves the ubiquitin-proteasome system (UPS): TRAP1 silencing causes an increase in total ubiquitination levels, and this phenotype is rescued by the transfection of an extramitochondrial TRAP1 mutant (27) . Consistently, TRAP1 regulation of ubiquitination occurs during translation: recovery of total ubiquitinated proteins by immunoprecipitation, following a brief pulse with radiolabelled amino acids, showed that TRAP1-stable interfered CRC cells accumulate more than double amount of ubiquitinated proteins during protein synthesis. TRAP1-dependent regulation of protein synthesis/ubiquitination is schematically represented in Fig. 2 .
Recently our group unraveled that this regulatory mechanism is quite complex and involves the modulation of phosphorylation levels, either in basal conditions or under stress, of the translation factor eIF2α, whose phosphorylation results in the attenuation of cap-dependent translation, while favoring the IRES-dependent one. TRAP1 slows the rate of protein synthesis through the eIF2α pathway, favoring the activation of GCN2 and PERK kinases, with consequent phosphorylation of eIF2α and attenuation of cap-dependent translation. This enhances the synthesis of selective stressresponsive proteins, as the transcription factor ATF4 and its downstream effectors BiP/Grp78 and the cystine antiporter system xCT, thereby providing protection toward ER stress, oxidative damage and nutrient deprivation. Accordingly, TRAP1 silencing sensitizes cells to apoptosis induced by novel antitumoral drugs that inhibit cap-dependent translation, such as Ribavirin or 4EGI-1, and reduces the ability of cells to migrate through the pores of transwell filters in the presence of these drugs (28) . The relevance of these findings is supported by evidence that translational control is a crucial component of cancer development and progression, involved in the regulation of both global protein synthesis and translation of selective mRNAs species that promote tumor cell survival, angiogenesis, transformation, invasion and metastasis (31) .
Translational control of cancer is multifaceted, involving alterations in translation factor expression levels and activities unique to different types of cancers, disease stages and the tumor microenvironment (32, 33) . This process allows cells to respond swiftly to a changing environment, and becomes very important during tumorigenesis, when cells have to face stress conditions resulting from reduced oxygen and nutrient availability, and have to reprogram their metabolism. We suggest that TRAP1 could be involved in this adaptation process. Indeed, TRAP1 is hyperexpressed in colorectal and breast carcinoma specimens, and it is co-upregulated with members of translational machinery and with stress-responsive chaperones such as BiP/Grp78. In this perspective, the role of TRAP1 becomes relevant in resistance to antiapoptotic agents that involve ER stress activation, condition often found in tumors. We have shown that TRAP1 CRC interfered cells are more sensitive to thapsigargin (an ER-stress inducer), and very recently confirmed these data in a breast cancer cell model, demonstrating that TRAP1 also confers resistance to paclitaxel, a microtubule stabilizing/ER stress inducer agent widely used in breast cancer therapy (34) , and to genotoxic agents, as anthracyclins (35) . Accordingly, paclitaxel-and anthracyclin-resistant cell lines show higher levels of TRAP1 compared to the non-resistant counterpart. In this context, the extramitochondrial TRAP1 antiapoptotic activity represents a mechanism responsible for the protection against ER stress, ER stress inducers and a variety of chemotherapeutics causing ER stress: indeed, ER-associated TRAP1 regulates mitochondrial apoptosis by controlling the expression of specific client proteins and, among others, Sorcin, thus suggesting that TRAP1 may be a key player in coupling organelle proteostasis, adaptation to stress and cell survival, through the regulation of the mitochondrial apoptotic pathway. These data are further confirmed by the finding that an extramitochondrial TRAP1 mutant is still able to provide resistance against ER stressinduced cell death and to maintain high levels of mitochondrial cytoprotective proteins such as Sorcin. Thus, TRAP1 is emerging as a key regulator of bidirectional crosstalk between ER and mitochondria, and ER-localized TRAP1 is becoming relevant in the balance of cellular homeostasis since it controls protein synthesis, contributes to cell's proper response to stress conditions, and regulates pathways involved in cytoprotection and drug resistance. In such a perspective, cytoprotective activities of both intramitochondrial and extramitochondrial TRAP1 are involved in the resistance to apoptosis of tumor cells and in protection from traditional chemotherapeutics (8, 10, 34, 35) . These new findings confirm that TRAP1 network could be an attractive target to develop novel anticancer strategies aimed at inhibiting TRAP1 function in cell compartments other than mitochondria, in order to disrupt protein quality control mechanisms, lower the threshold of MTP opening selectively in cancer cells and revert the drug-resistant phenotype of human malignancies. In such a perspective, further studies are urgently needed to identify specific subsets of human tumors, which are dependent for their survival on this extramitochondrial quality control network and are, thus, suitable for a TRAP1-targeted therapy.
TRAP1 in health and disease
Beyond the widely described roles of TRAP1 in the etiopathogenesis of a multifactorial disease as cancer, in the past 10 years very sophisticated and focused studies have unveiled an important involvement of this chaperone in the genesis and development of some human diseases. These include several human neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease (PD) and Huntington's disease, all considered as 'mitochondropathies', as well as other genetic, and not necessarily mitochondrial, kidney and cardiovascular diseases. Due to our limited contribution and knowledge of these studies the most recent achievements will be briefly summarized, and we apologize to all the authors for not giving enough 'space' to their outstanding results.
TRAP1 in the maintenance of mitochondrial integrity.
Changes in mitochondrial morphology, which is regulated by continuous fusion and fission to form highly connected networks or fragmented units, may lead to the degradation of mitochondria via autophagy (so-called mitophagy) and often cause neuronal synaptic loss and cell death in several human neurodegenerative diseases. Therefore, cells have developed complex quality control mechanisms to cope with the different challenges constantly imposed on the integrity of mitochondria. Pridgeon et al (36) have indirectly linked TRAP1 to Parkinson's disease, demonstrating that PINK1, a major kinase whose mutations are involved in the development of autosomic recessive forms of PD, is a binding partner of TRAP1, phosphorylates it upon induction of oxidative stress, and that TRAP1 is required for PINK1-mediated protection against oxidative-stress-induced apoptosis.
Takamura et al (37) showed that TRAP1 KD in neuroblastoma cells and glioma cancer cell lines of neuronal derivation induced an abnormal mitochondrial morphology, through a significant decrease in dynamin-related protein 1 (Drp1) and mitochondrial fission factor (Mff), affecting mitochondrial function. These observations confirm a role of TRAP1 in maintaining mitochondrial morphology.
Some other studies performed in Drosophila systems by Zhang et al (38) demonstrated that human TRAP1 is able to rescue phenotypes in PINK1 loss-of-function flies, but has only minor effects on phenotypes of flies deficient of PARKIN, another protein associated with autosomal recessive, early-onset PD. In addition, detrimental effects observed after RNAi-mediated silencing of complex I subunits were rescued by TRAP1 in Drosophila. Remarkably, these studies confirm the metabolic control by TRAP1, albeit in different experimental systems: in fact, the lack of functional mitochondria obviously coincides with reduced levels of complex I subunits, impaired complex I activity and a decline in ATP content. TRAP1 protective effects require its ATP binding properties, as ATP-binding deficient TRAP1 mutants were unable to rescue this activity. Considering that functional ETC causes polarization of the mitochondrial membrane and that depolarization of mitochondria is required to initiate mitophagy, it can be speculated that TRAP1 might negatively regulate mitophagy by maintaining the ETC in a functional state (38) . Accordingly, Costa et al (39) characterized Drosophila TRAP1 null mutants, showing that loss of TRAP1 results in a decrease in mitochondrial function and increased sensitivity to stress. These findings demonstrated that TRAP1 works downstream of PINK1 and in parallel with PARKIN in Drosophila, and that enhancing its function may ameliorate mitochondrial dysfunction and rescue neurodegeneration in PD.
Moreover, TRAP1 protein has been identified as a novel modifier of the mitochondrial toxicity induced by [A53T]α-Synuclein in fruitfly models of PD. Cell culture experiments further demonstrated that [A53T]α-Synuclein directly interferes with a number of mitochondrial functions, including complex I ATP production, mitochondrial fragmentation, and sensitivity to oxidative stress. These effects could be blocked by TRAP1 overexpression (40) .
As mitochondrial dysfunction has been previously linked to mutations in several other genes associated with genetic PD, all the described data provide further evidence of a common mitochondrial-centric mechanism of PD pathogenesis, that probably involves TRAP1 function, its interaction with PINK1 and the regulation of ETC function.
The genetics of TRAP1. In last two years, few pioneering studies suggested an involvement of TRAP1 in renal diseases. Fismen et al (41) analyzed the coregulation between TRAP1 and DNaseI in glomerulonephritis. Previous data indicate that TRAP1 and DNaseI genes overlap; recent findings, moreover, show that transformation of mild glomerulonephritis into end-stage disease coincides with shutdown of renal DNaseI expression in mouse models, damaging glomerular basement membranes. Translating the observations obtained in mice to human lupus nephritis, they observed that DNaseI shutdown coincides with TRAP1 overexpression, with a still unclear, but structured molecular mechanism, that could probably involve transcriptional interference, thus providing to TRAP1 a new role in the progression of this disease.
Our group contributed to a partial characterization of a novel role of TRAP1 in kidney abnormalities of genetic origin. Saisawat et al (42) shed new light on the etiology of congenital anomalies of the kidney and urinary tract (CAKUT) and vertebral anomalies, anal atresia, cardiovascular anomalies, tracheoesophageal fistula, renal and/or radial anomalies, limb defects (VACTERL) association, rare pathologies that affect kidney and urinary tract. Recessive mutations of TRAP1 were found by deep sequencing analysis of the genome from affected patients, eliciting some questions about the role of TRAP1 in the genesis of these pathologies and its involvement in embryonic development of the kidney. In normal tissues, TRAP1 was found to be expressed in renal epithelia of developing mouse kidney and in the kidney of adult rats. Likely, the antiapoptotic role of TRAP1 is important in the correct development of the renal apparatus, and its loss of function due to mutations in its functional domains could be disease-causing. It is worth noting that there are six case reports published of individuals with VACTERL association in conjunction with mitochondrial dysfunction, as summarized recently by Siebel and Solomon (43) ; this could be consistent with the well known role of TRAP1 in control of mitochondrial integrity and metabolism, thus suggesting a possible relationship between TRAP1 inactivation and the pathogenesis of the disease.
From the overall data, it would not be surprising to hypothesize a role for TRAP1 in normal cellular and tissue development. Indeed, it is well known that HSPs are related to development; in addition, HSP genes are shown to be phaseand tissue-specific during embryogenesis. It was found that 19 HSPs of the HSP70, HSP90, and HSP110 families hold different expression and characteristic correlations with the developmental phases in embryonic forelimb tissue of normal mice. Among those, TRAP1 may be considered as a limbdevelopment-related gene (44) . Moreover, in vivo experiments showed that TRAP1 expression could be closely associated with normal palate development and cleft palate in mouse embryo, probably through participating in the stress response process and/or the antiapoptotic processes (45).
Concluding remarks and future perspectives
The interest for HSP90 as a therapeutic target of several human diseases, from neurodegeneration to cancers, is still very high. However, very few data are available on the isoform specificity profiles of the HSP90 inhibitors. The crystal structure of full-length TRAP1, very recently presented (46) , will certainly open a new scenario on the: i) selectivity to target only TRAP1 among all the other members of HSP90 family; ii) possibility to design novel, specific TRAP1 inhibitors to be directed either inside or outside mitochondria.
This review aims at presenting an updated view of this important protein mainly in tumor cell pathophysiology. In our opinion, the core result of recent advances in TRAP1 biology lies in two items of evidence: TRAP1 crucially influences the switch from oxidative metabolism to glycolysis, and therefore contributes to tumorigenesis by inhibiting mitochondrial respiration, and simultaneously affects global protein quality control by contributing to protein synthesis regulation in the ER. This is realized through another focused metabolic switch between prevalent cap-to IRES-dependent translation and the balance between protein synthesis and cotranslational degradation.
TRAP1 seems therefore to be a central regulatory protein with homeostatic roles at the crossroad between different kinds of cell functions/metabolism during the transformation process or, possibly, during normal development, as suggested by the novel and emerging evidence on its involvement in the etiology of human pathologies. Strikingly, TRAP1 function in normal cells is almost unexplored. In this context, the recent findings of TRAP1 involvement in mouse and human embryonic development could stimulate an interesting study of the physiological role of this chaperone.
As widely addressed in this review, TRAP1 has long been considered an attractive biomarker and/or target for future development of novel therapeutic strategies. The apparent discrepancies on several data recently obtained by different outstanding scientists, i.e. stabilization/inhibition of the ETC component activity, HIF-mediated tumorigenesis, TRAP1 as a tumor suppressor or TRAP1 as an oncogene, further reinforce the interest in TRAP1 'life'. In addition, the apparently opposite/contrasting function of TRAP1 in ovarian cancers, compared to its very conserved uniform trend in all other tumor types, including colorectal cancer, suggests that further studies are required to shed light on the role of TRAP1 in different types of human cancers.
Undoubtedly, traditional anticancer chemotherapeutics, targeting DNA replication and cell division, have proved to be highly successful in the treatment of some tumors. However, they have severe side effects and limitations, above all the development of resistance. Now, a new wave of anticancer agents is emerging, targeting complex multicomponent cellular machineries, including heat shock protein chaperones and the proteasome, which thus interfere with those support systems that are more essential for cancer cells than for normal cells (47) .
As one of the 'oldest' TRAP1 study groups, we strongly hope that both the continuously emerging findings on new TRAP1 features together with the reading of the present review on the 'revisited' TRAP1 could contribute to identify this chaperone as an important novel target in future anticancer, and not only, drug development.
